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$\mathrm{C}\mathrm{G}$ , “ ”
[7]. , [5].
, $\mathrm{C}\mathrm{G}$ . $\mathrm{C}\mathrm{G}$
(BiCG) [1] , ,
. $[4, 6]$ BiCG
. $\mathrm{C}\mathrm{G}$ ,
.
, , , . $\mathrm{C}\mathrm{G}$ .
2
$A$ $N\cross N$ , $\dim R(A)=M,$ $0<M\leq N$ . $\vec{b}\in R(A)$
,
$A\vec{x}=\vec{b}$ (1)
. $R(A)$ , x\rightarrow =A\dagger b\rightarrow . , $A^{\uparrow}$ $A$
.
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1V\rightarrow $\mathbb{R}^{N}$ $(\dim\vec{V}=m)$ . “$A$ V\rightarrow ” $m\mathrm{x}m$
$[(Av^{j)}\triangleleft,\vec{v}^{(i)})]$ . , $\{v\triangleleft i)\}:=1,\ldots,m$ V\rightarrow . ,
:“ v\rightarrow \in V\rightarrow $(A\vec{x},\vec{v})=(\vec{b},\vec{v})$ x\rightarrow \in V\rightarrow ”, .
“(1) V\rightarrow ” .
3CG
$\mathrm{C}\mathrm{G}$ $[3, 7]$ $A$ (1) .
1
$\ovalbox{\tt\small REJECT}\in R(A)$ .
$\vec{r}_{0}:=\vec{b}-A\vec{x}_{0}$ ;
$\vec{p}_{0}:=\vec{r}_{0}$ ;








$K_{n}(A,\vec{r}_{0}):=\mathrm{s}\mathrm{p}\mathrm{a}\mathrm{n}[\vec{r}_{0}, A\vec{r}_{0}, \ldots, A^{(n-1)}\vec{r}_{0}]$ .
$N_{0}$ $K_{n}(A,\vec{r}_{0})=K_{n+1}(A,\vec{r}_{0})$ . $\{\lambda_{i}\}:=1,\ldots,N$ $A$ , $\{v\triangleleft:)\}_{i=1,\ldots,N}$
.
1 $N_{0}$ $(\vec{r}_{0}, v\triangleleft:))\neq 0$ $i$ # $\{\lambda:\}$
.
2
1. $A$ $K_{N_{\mathrm{O}}}(A,\vec{r}_{0})$ .
2. $K_{N_{\mathrm{O}}}(A,\vec{r}_{0})$ $A\vec{u}=\vec{r}_{0}$ $A^{\uparrow}\vec{r}_{0}$ .
$\mathrm{C}\mathrm{G}$
$\vec{p}_{n}$ , $\vec{r}_{n}$ .
1 $n(\leq N_{0})$ , $0\leq l<n$
$(A\vec{p_{l}},\vec{p\iota})\neq 0$ $\vec{r_{l}}\neq 0$
40
, $1\leq m\leq n$ .
1. $(\tilde{r}_{m},\vec{z})=0$ $(\forall\vec{z}\in K_{m}(A,\vec{r}arrow)$ .
2. (A $p_{m}^{\prec},\vec{z}$) $=0$ $(\forall z\prec\in K_{m}(A,\vec{r}_{0}))$ .
3. span $[\vec{r}_{0},\vec{r}_{1}\ldots,\vec{r}_{m}]=\mathrm{s}\mathrm{p}\mathrm{a}\mathrm{n}[\vec{p}_{0},\vec{p}_{1}\ldots,\vec{p}_{m}]=K_{m+1}(A,\vec{r}_{0})$ .
$A$ $R(A)$ , $(A\vec{p_{l}},\vec{p\iota})>0$ ,
. .
2 $0\leq m<N_{0}$ 1. 2. .
1. $0\leq\forall l\leq m$ $(A\tilde{p_{l}},\vec{p\iota})\neq 0$ .
2. $0\leq\forall l\leq m$ $A$ $K_{l+1}(A,\vec{r}_{0})$ .
1 $\mathrm{C}\mathrm{G}$ BiCG , ,
. BiCG
$[4, 6]$ .
$1\leq m\leq N_{0}$ , $m\cross m$ [6] .
$[A_{m}(\vec{r}_{0})]_{ij}:=(A^{(i+j-1)}\vec{r}_{0},\vec{r}_{0})$ $(1 \leq i,j\leq m)$ .
2 , 1 .
1 $0\leq m<N_{0}$ 1. 2. .
1. $0\leq\forall l\leq m$ $(A\vec{p\iota},\vec{p\iota})\neq 0$ .
2. $1\leq\forall l\leq m+1$ $\det A\iota(\vec{r}_{0})\neq 0$ .





3 $1\leq m\leq M$ , $m\cross m$ ,
$\det A_{m}(y^{\prec})\neq 0$ (2)
$\vec{y}\in R(A)$ .
, $A$ $\lambda_{i}$ $v\wedge i$) ,
$\{\lambda_{i}\}$ . , $A$ BiCG
, ,
$A$ 1 [4] .
2(1) CG ,
41
53 $\Omega$ , $u$ $p$
$-2\nabla\cdot D(u)+\nabla p=f$ ,
. $u=0$
, $(u=0)$ . $D(u)$
, $f$ . $\mathcal{T}_{h}$ $\overline{\Omega}$ .
$h$ . $\Omega_{h}$ , $\Gamma_{h}$ . $S_{h}(\Omega_{h})\subset$
$H^{1}(\Omega_{h})\cap C^{0}(\overline{\Omega}_{h})$ Pl , ,
.
$X_{h}:=S_{h}(\Omega_{h})^{3},$ $M_{h}:=S_{h}(\Omega_{h})$ ,
$V_{h}:=\{v_{h}\in X_{h} ; v_{h}(P)=0 (\forall P\in\Gamma_{h})\}$ ,
$Q_{h}:=\{q_{h}\in M_{h} ; (q_{h}, 1)_{h}=0\}$ .
$P$ $\Gamma_{h}$ . $u_{h},$ $v_{h}\in X_{h}$ $p_{h},$ $q_{h}\in M_{h}$ ,
.
$a(u_{h},v_{h}):=2 \int_{\Omega_{h}}D(u_{h})$ : $D(v_{h})dx$ ,
$b(v_{h}, q_{h}):=-(\nabla\cdot v_{h}, q_{h})_{h}$ ,
$d_{h}(p, q):= \sum_{K\in \mathcal{T}_{h}}h_{K}^{2}(\nabla p, \nabla q)_{K}$ .
$h_{K}$ $K$ , $(\cdot, \cdot)_{h}$ $\Omega_{h}$ $L^{2}$ , $(L^{2})^{3}$ , $(\cdot, \cdot)_{K}$ $K$ $L^{2}$
.
[2] , “ $(v_{h}, q_{h})\in V_{h}\cross$
$Q_{h}$ ,
$a(u_{h}, v_{h})+b(v_{h},p_{h})=(f, v_{h})_{h}$ ,
$b(u_{h}, q_{h})-\delta d_{h}(p_{h}, q_{h})=0$
$(u_{h},p_{h})\in V_{h}\cross Q_{h}$ ”, . , $\delta$ .
$nx:=\dim X_{h},$ $n_{M}:=\dim M_{h}$ . $\Lambda_{\Gamma}\subset\{1, \ldots, nx\}(\#\Lambda_{\Gamma}=n_{\Gamma})$ $\Gamma_{h}$
.
$\vec{X}:=\mathrm{R}^{n_{X}}$ , $\tilde{V}:=\{\vec{v}\in\vec{X} ; (\vec{v}, e^{j)})\prec=0(j\in\Lambda_{\Gamma})\}$ ,
$\vec{M}:=\mathrm{R}^{n_{M}}$ $\vec{Q}:=\{\vec{q}\in\vec{M} ; (M\vec{q,}\tilde{1})=0\}$
. $\overline{e}^{\langle j)}$ $([e\triangleleft j)]:=\delta_{\dot{\iota}j})$ , 1\rightarrow $[1]_{:}=1$ . $M$ $M_{h}$
. $A,$ $B,$ $D$ $a(\cdot, \cdot)$ , $b(\cdot, \cdot)$ , $d(\cdot, \cdot)$ , f\rightarrow 7] $f$
. $\vec{Z}:=\vec{X}\cross\vec{M}(n_{Z}:=\dim\vec{Z}),\vec{\mathrm{Y}}:=\vec{V}\cross\vec{Q}(n_{\mathrm{Y}}:=\dim\vec{\mathrm{Y}})$
. , “ ( $\vec{v}$, q\rightarrow )\in V\rightarrow $\cross$ Q\rightarrow
$((\begin{array}{ll}A B^{T}B -\delta D\end{array})(\begin{array}{l}\vec{u}\vec{p}\end{array}),$ $(\begin{array}{l}\vec{v}\vec{q}\end{array}))=($ $(_{0}^{f}),$ $(\begin{array}{l}\vec{v}\vec{q}\end{array}))$
42
( $\vec{u}$ ,p\rightarrow )\in V\rightarrow $\cross$ Q\rightarrow ”, .
$P_{\vec{V}},$
$P_{\overline{Q}}\text{ }\mathit{4}^{\underline{\backslash }}\backslash *\iota,\vec{X}\mathrm{B}^{1}\text{ }\vec{V}\wedge \text{ },\vec{M}\mathrm{B}\backslash \text{ }\vec{Q}\wedge \text{ }\mathrm{j}\mathrm{E}\#\backslash \mathrm{t}_{R\nearrow \text{ }-\mathrm{t}\text{ }^{}\mathrm{H}’,}$ . $P:=(\begin{array}{ll}P_{\vec{V}} 00 P_{\vec{Q}}\end{array})$ ,
$A:=(\begin{array}{ll}A B^{T}B -\delta D\end{array})$ . $a(\cdot, \cdot)$ $d_{h}(\cdot, \cdot)$ $V_{h},$ $Q_{h}$ , $A$
$D$ , $V$ , Q\rightarrow , .
3
1. PAP V\rightarrow $\cross$ Q\rightarrow .
2. PAP $nv(=nx-n_{\Gamma})$ nQ(=n 1) , $n\mathrm{r}+1$ 0
.
6
$A$ $D$ [3] $\tilde{L}_{A}\tilde{D}_{A}\tilde{L}_{A}^{T},\tilde{L}_{D}\tilde{D}_{D}\tilde{L}_{D}^{T}$ .
$\prime P(\begin{array}{ll}(\tilde{L}_{A}\tilde{D}_{A}\tilde{L}_{A}^{T})^{-1} 00 \frac{1}{\delta}(\tilde{L}_{D}\tilde{D}_{D}\tilde{L}_{D}^{T})^{-1}\end{array})P$
. $\Omega=\{x\in \mathbb{R}^{3} ; 0.5<|x|<1\}$ ,
$u=(\sin x_{1}-x_{1}\cos x_{2}$ 2 $(\sin x_{2}-x_{2}\cos x_{3})$ 2 $\sin x_{3}-x_{3}(\cos x_{2}+\cos x_{1}))^{T}$
$p=\sin x_{1}+\sin x_{2}+\sin x_{3}+C$
. 1 ,
. 1 1
. 1 1 , $\mathrm{C}\mathrm{G}$
.
, $R(A)$ , $A$
, , , $R(A)$
.
BiCG $[4, 6]$
. , , (A), No. 12740068,
, (B)(2), No. 11554003 .
1:
$\frac{n_{Z}n_{X}n_{M}n_{\Gamma}n_{\mathrm{Y}}}{470,160352,620117,54039,180430,979}$
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